A BS TRACT: Background: Mitochondrial dysfunction plays a key role in PD, but the underlying molecular mechanisms remain unresolved. We hypothesized that the disruption of mitochondrial function in PD is primed by rare, protein-altering variation in nuclear genes controlling mitochondrial structure and function. Objective: The objective of this study was to assess whether genetic variation in genes associated with mitochondrial function influences the risk of idiopathic PD. Methods: We employed whole-exome sequencing data from 2 independent cohorts of clinically validated idiopathic PD and controls, the Norwegian ParkWest cohort (n = 411) and the North American Parkinson's Progression Markers Initiative (n = 640). We applied burdenbased and variance-based collapsing methods to assess the enrichment of rare, nonsynonymous, and damaging genetic variants on genes, exome-wide, and on a comprehensive set of mitochondrial pathways, defined as groups of genes controlling specific mitochondrial functions. Results: Using the sequence kernel association test, we detected a significant polygenic enrichment of rare, nonsynonymous variants in the gene-set encoding the pathway of mitochondrial DNA maintenance. Notably, this was the strongest association in both cohorts and survived multiple testing correction (ParkWest P = 6.3 × 10 −3 , Parkinson's Progression Markers Initiative P = 6.9 × 10 −5 , metaanalysis P = 3.2 × 10 −6 ). Conclusions: Our results show that the enrichment of rare inherited variation in the pathway controlling mitochondrial DNA replication and repair influences the
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risk of PD. We propose that this polygenic enrichment contributes to the impairment of mitochondrial DNA homeostasis, thought to be a key mechanism in the pathogenesis of PD, and explains part of the disorder's "missing heritability. Parkinson's disease (PD) affects 1.8% of the population aged older than 65 years. 1 Although the etiology of PD remains unknown, mitochondrial dysfunction clearly plays a role. Mutations in most of the genes causing familial PD, including SNCA, 2 LRRK2, 3 PINK1, PRKN, 4 PARK7 (DJ-1), 5 and VPS35, 6 have been shown to disrupt mitochondrial quality control. Moreover, impaired mitochondrial DNA (mtDNA) maintenance 7, 8 and widespread respiratory chain dysfunction 9 occur in the brains of individuals with idiopathic PD. The molecular etiology underlying mitochondrial impairment in idiopathic PD remains, however, unresolved.
Pathogenic mutations in several nuclear mitochondrial genes involved in mtDNA homeostasis have been shown to cause severe nigrostriatal degeneration of a similar type as the one that occurs in PD. [10] [11] [12] [13] Moreover, inherited variation in POLG 14 and TFAM, 15 both of which are essential for mtDNA maintenance, has been associated with an increased risk of idiopathic PD, although the reported effects were generally weak and have not been reproduced by large genome-wide association studies. Therefore, it remains undetermined whether mitochondrial dysfunction in PD can, to some extent, be attributed to inherited genetic variation.
We hypothesized that the disruption of mitochondrial function in PD is partly caused by synergistic effects of rare genetic variation in nuclear genes controlling mitochondrial function. To test our hypothesis, we employed whole-exome sequence data from 2 independent, prospectively collected PD cohorts: the Norwegian ParkWest study (ParkWest) 16 and the Parkinson's Progression Markers Initiative (PPMI). 17 
Methods

Cohorts and Sequencing
We sequenced all individuals with clinically validated PD (n = 192) from the Norwegian ParkWest study, a prospective population-based cohort of idiopathic PD. 16 Controls (n = 219) were provided from cohorts of previously sequenced individuals with testis cancer (n = 167) or acoustic neuroma (n = 52) who had been recruited and examined at our hospital and had no clinical signs of neurodegenerative or other neurological disorders. DNA was extracted from blood by routine procedures and sequenced at HudsonAlpha Institute for Biotechnology (Huntsville, Alabama) using Roche-NimbleGen Sequence Capture EZ Exome v2 (173 controls) and v3 (all PD and 46 controls) kits (Roche, Brussels, Switzerland) and paired-end 100 bp sequencing on the Illumina HiSeq platform (Illumina, San Diego, USA). The reads were mapped to the hg19 reference genome using BWA v0.6.2, 18 polymerase chain reaction duplicates removed with Picard v1.118, 19 and the alignment refined using the Genome Analysis Toolkit v3.3.0 20 applying base quality score recalibration and realignment around indels recommended in the GATK Best Practices workflow. 21, 22 Variants were called in all samples using the GATK HaplotypeCaller 20 with default parameters. Next, variant quality score recalibration was performed using 99.9% sensitivity threshold. 20 The remaining variants were filtered against the intersection of capture targets (v2 and v3) using BEDtools 23 and VCFtools. 24 Variants with total depth below 10X were marked as unknown genotype (no-call) using BCFtools. 25 Indel calls, which were found to be less reliable than single-nucleotide variants, were excluded from downstream analyses.
Additional data used in the preparation of this article were obtained from the PPMI database. 17 Wholeexome sequence data was available for 640 individuals (459 cases, 181 controls). Sequencing had been performed using the Illumina Nextera Rapid Capture Expanded Exome Kit and paired-end 100 bp reads on the Illumina HiSeq 2500 (Illumina, San Diego, USA). Calling and alignment had been performed by the PPMI. Indels were removed prior to variant quality control (QC) using VCFtools. 24 
Variant Filtering and QC
Whole-exome sequence data were recoded into binary PLINK input format, and QC of individual and single nucleotide polymorphism (SNP) data was performed on the ParkWest and PPMI datasets individually using PLINK v1.90. 26 Individuals were excluded if their genotypic data showed a missing rate >2%, abnormal heterozygosity (±3 standard deviations, calculated for common and rare variants separately), conflicting sex assignment, cryptic relatedness (identity by descent > 0.2), or divergent ancestry (non-European). Population stratification was studied using multidimensional scaling against the HapMap populations. 27 SNPs were excluded as a result of genotyping rate less than 98%, different call rates between cases and controls (P < .02) or departure from the HardyWeinberg equilibrium (P < 10 −5 ). Only autosomes were considered. Monomorphic and multiallelic variants were removed. The transition-transversion ratio was calculated before and after QC. Principal component analysis was performed using Eigensoft 28, 29 with standard filtering settings (5 iterations, 10 principal components, sigma 6). Analysis of variance of the first 10 principal components was performed with significance level cutoff set to P < .01. For ParkWest, there were 2 significant principal components (3 and 6) that were corrected for in downstream analyses. There were no significant principal components for PPMI. All QC analyses were performed using PLINK v1.90 26 and R 30 unless otherwise specified.
Annotation and Subset Filtering
Datasets were annotated using ANNOVAR 31 according to the RefSeq gene transcripts, and 2 variant subsets were extracted for further analyses. These were defined as "nonsynonymous" and "damaging" according to ANNOVAR. Nonsynonymous variants comprised missense changes (Sequence Ontology: 0001583). Damaging variants comprised all single nucleotide changes that had a deleterious score in all of the following 5 prediction algorithms: PolyPhen2 HumDiv, PolyPhen2 HumVar, MutationTaster, SIFT, and LRT. In the ParkWest dataset, rare variants were defined as having a minor allele frequency (MAF) of < 1%. Because the PPMI cohort had a substantially uneven number of cases and controls, rare variants were defined as having a MAF of <1% in either cases or controls to avoid a unidirectional variant inclusion bias.
Pathway Curation
The mitochondrial pathways were defined as groups of genes encoding functionally and/or structurally linked proteins directly involved in mitochondrial function. Pathways were manually curated from Mitocarta v2.0, 32 a collection of all known proteins with strong support for mitochondrial localization. The pathways were subsequently expanded using STRING 33 to include genes encoding additional proteins that are involved in the pathways, but have no proven mitochondrial localization. Specifically, for each pathway we compiled a list of additional candidate proteins ranked by the number and strength (STRING combined score) of STRING interactions with the original pathway. The resulting candidate lists were manually inspected, and the original pathways were supplemented with additional genes encoding proteins with a known involvement in mitochondrial pathways, but not established mitochondrial localization (Supplemental Table S1 ).
Genetic Association Analyses
Single-point association was performed for common variants (MAF > 1%) using the chi-square test for PPMI and logistic regression with significant principal components as covariates for ParkWest. For collapsing tests, variants were annotated using ANNOVAR and analyzed using a weighted burden 34 and the sequence kernel association test (SKAT) 35 as implemented by the SKAT R package v1.3.2. 36 In these analyses, variants within a specified region (ie, a gene or pathway) were combined to a single genetic score that was subsequently tested for association in a logistic regression framework. The burden test assumes that all variants in a specified region are causal and influence the phenotype in the same direction, that is, either increase or decrease the risk of PD. Consequently, it suffers from a substantial loss of power when these premises are not valid. SKAT aggregates variants within a specified region without considering the direction of effect for individual variants. Therefore, SKAT is better suited for detecting associations where both risk and protective variants and/or numerous noncausal variants are present. For our analyses, standard weights were used, 35 and only rare variants were considered. Different methods of per-hypothesis resampling were applied as described by Lee and colleagues. 36 Genes with only 1 variant were excluded from the gene-based analyses as this would be representative of single SNP associations rather than true enrichment. Using resampling, the minimum achievable P value (MAP) was determined for each gene and pathway. 36 Genes/pathways with minimum achievable P values above the Bonferronicorrected threshold for statistical significance were excluded to reduce statistical noise. In total, 3,441 gene tests were performed in the ParkWest cohort, and 13,034 in the PPMI cohort (across all tests and subsets). Meta P values for pathways were calculated using the optimally weighted Z test 37 as implemented by the metap R package. 38 
Multiple Testing Correction
Single-variant gene and pathway meta-analysis associations were corrected using the Bonferroni method. To control the family-wise error in individual cohort pathways, the minP/maxT method 39 was implemented using 10,000 null-permuted phenotype samples for ParkWest and 100,000 for PPMI (different number of permutations as a result of the difference in dataset size).
Power Analysis
The average statistical power of the gene-based SKAT and burden test were calculated using the SKAT R package v1.3.2. 36 The disease model assumed a prevalence of PD of 0.015 and used the empirical MAFs of the ParkWest cohort. Power calculations were carried out using different assumptions of the percentage of causal SNPs (10%, 25%, 50%, 75%, and 100%). The original function from the SKAT R package was modified to calculate the average power of the exonic regions instead of the default random genomic regions.
Standard Protocol Approvals, Registrations, and Patient Consents
These studies were approved by the Regional Committee for Medical and Health Research Ethics, Western Norway (REK 131/04). Written, informed consent was obtained from all participants. 80.2 and 92% of targeted bases were covered at ≥20-fold. In the ParkWest dataset we observed 130,500 variants, of which 61.1% (79,763) were rare. We identified 56,429 nonsynonymous variants and 8,646 damaging variants. The transitiontransversion ratio-ratio for exonic variants was 3.28 (3.23 before QC). The final PPMI dataset comprised 513 individuals (371 cases and 142 controls). We observed 380,423 variants of which 73.6% (280,099) were rare. We identified 107,130 nonsynonymous variants and 16,644 damaging variants. The transition-transversion ratio for exonic variants was 3.13 (3.02 before QC). Synonymous and nonsynonymous variants had a similar distribution in the 2 cohorts (Supplemental Table S2 ) as well as between cases and controls (Supplemental Table S3 ). Singleton variants comprised 37.4% of the ParkWest dataset and 51.1% of the PPMI dataset (Supplemental Table S4 ).
Results
Population stratification analysis with HapMap confirmed that both cohorts consisted primarily of individuals of Western and Northern European descent.
Quantile-quantile plots of common variant associations after QC showed no inflation of test statistics, with λ = 1.02 and λ = 1.03 for PPMI and ParkWest, respectively. Multidimensional scaling showed no stratification between cases and controls (Fig. 1) . No single variants produced exome-wide significant associations. The lowest P value was for the SNP rs57859638 (P = 1.2 × 10 
Gene-Based Analyses
Gene-based enrichment analyses for rare nonsynonymous or damaging variants by burden test or SKAT showed no significant associations after Bonferroni correction. Moreover, none of the top 10 nominally significant genes replicated across both the ParkWest and PPMI cohorts ( Table 1) . The results for all tested genes are shown in Supplemental Tables S7 to S14. Nominal P values given, no single gene association was statistically significant after multiple testing correction. PPMI, Parkinson's Progression Markers Initiative; SKAT, sequence kernel association test.
Power analyses showed that our sample size was underpowered for detecting single gene associations. Assuming that 50% of the nonsynonymous variants in a gene influence the phenotype in any direction (ie, deleterious or protective), our calculations suggest that a sample size of approximately 8,000 for the SKAT and 11,000 for the weighted burden test are required to reach an average power of 80% across all genes at a significance cut-off of α = 0.05 and surviving Bonferroni correction for 20,000 genes (corrected α = 2.5 × 10 
Pathway-Based Analyses
Starting with Mitocarta, we curated a total of 28 pathways with known molecular function, comprising a total of 868 unique genes (including 100 nonMitocarta genes added after expansion with functionally relevant genes lacking evidence of mitochondrial localization). The remaining Mitocarta proteins could not be confidently assigned to a pathway because of limited information regarding their function. The entire noncurated Mitocarta list was also included as a separate pathway. A complete description of the pathways is provided in Supplemental Table S1 . After excluding pathways with minimum achievable P value above the threshold for statistical significance, we analyzed 26/18 pathways in ParkWest and 29/26 pathways in PPMI for nonsynonymous/damaging variants, respectively.
Mitochondrial pathway analyses by burden test showed no evidence of enrichment in PD. SKAT detected a significantly skewed distribution of rare, nonsynonymous variants between individuals with PD and controls. The 2 most significant associations were found for the pathways of mtDNA maintenance and mitochondrial calcium homeostasis (Table 2) ), which survived multiple testing correction. mtDNA maintenance was also among the top results for damaging variants in both datasets, but did not survive multiple testing correction. None of the other mitochondrial pathways showed significant associations that survived multiple testing correction or had significant nominal P values in both cohorts, except from the metaanalysis of mitochondrial calcium homeostasis (meta P = 6.7 × 10
−5
). Detailed pathway results are available in the supplemental data (Supplemental Table S15 ). Repeating the pathway analyses with rare synonymous variants only yielded no significant results, indicating that the observed enrichment is specific for protein-altering variation and does not reflect a generally skewed distribution of rare variants in the material.
Gene-based SKAT analysis revealed no specific mono-or oligogenic signals sufficient to drive the observed association in both cohorts, suggesting multiple genes contribute to the observed signal (Supplemental Table S16 ). This is also visualized in Figure 3 , which shows the amount of variance contributed by each gene in the pathway. mtDNA maintenance is a complex process requiring a well-orchestrated synergy of several biological pathways controlled by overlapping, but functionally distinct protein groups. To assess whether the observed association was primarily driven by a particular functional subnetwork, we subdivided the mtDNA maintenance pathway into mtDNA replication, mtDNA repair, and nucleotide homeostasis. None of these subpathways alone was sufficient to drive the overarching pathway signal and observed association with PD (Supplemental Table S17 ).
Discussion
We show for the first time that idiopathic PD is associated with a significant enrichment of rare, protein-
FIG. 2. Power analysis.
Power estimation for sequence kernel association test (SKAT) and weighted burden test using the rare variant matrix from the ParkWest dataset as basis for the simulation. Genome-wide significance levels were set to α = 2.5 × 10 −6 , assuming a total of 20,000 genes. The yaxis shows the average power across all genes, and the x-axis shows total sample size. Simulations were made for different percentages of causal variants.
altering genetic variants in the pathway of mtDNA replication and repair. This association was significant in both the ParkWest and PPMI cohorts and survived multiple testing correction. Moreover, this association was driven by the combined effects of multiple variants and genes spanning the mtDNA homeostasis network, consistent with a true polygenic signal.
The discrepancy between burden and SKAT in our results suggests that protein-altering variation in the genes controlling mtDNA maintenance can both be deleterious or protective for PD. Biological pathways generally have a high degree of complexity, such that genetically determined variation in their function may be phenotypically neutral or affect associated disease traits in both directions (ie, increase or decrease the risk). This may particularly apply to late-onset disorders that are not likely to be affected by selection pressure, such as PD. SKAT is a variance-component test, which integrates pathway-level information without consideration of the directionality of single-variant effects and is therefore particularly powerful in the presence of both protective and risk variants or numerous noncausal variants.
Our results are highly consistent with prior knowledge of mitochondrial involvement in PD. The disruption of mtDNA maintenance as a result of mutations in genes controlling mtDNA replication and repair or mitochondrial nucleotide homeostasis causes nigrostriatal degeneration with or without clinical parkinsonism.
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Moreover, we and others have shown that mtDNA maintenance is impaired in idiopathic PD, resulting in the accumulation of somatic damage and progressive depletion of the wild-type mtDNA population. 7, 40 Based on our results, we propose that this impairment may be partly determined by inherited variation in the genes encoding the pathway of mtDNA homeostasis.
The observation that genetic variation in the mtDNA maintenance pathway appears to influence the risk of PD in both directions is intriguing, but hardly surprising. Maintaining quantitative and qualitative mtDNA integrity in aging neurons requires a balanced interplay of multiple factors including replication processivity, fidelity, nucleotide metabolism, repair mechanisms, and the underlying mtDNA sequence. It is conceivable that variation in the multitude of genes controlling any and each of these processes may inhibit or enhance mtDNA maintenance thus increasing or decreasing the risk of PD, respectively. It is known for instance that mtDNA haplogroup J, which is linked to higher rates of mtDNA replication and transcription, is associated with a decreased risk for PD. 41 Intriguingly, even apparently pathogenic mutations may have additional beneficial effects. The murine POLG mutation p. D257A impairs the enzymes proofreading activity, resulting in increased somatic mtDNA mutagenesis and an aged phenotype in mice. At the same time, however, this defect triggers a neuroprotective compensatory mechanism increasing mtDNA copy number in substantia nigra neurons, rendering them resistant to neurodegeneration. 42 Moreover, rare protective variants have been shown in other complex disorders including autoimmunity, 43 cancer, 44 ischemic vascular disease, 45 and Alzheimer's disease. 46 The pathway of mitochondrial calcium homeostasis also reached nominal significance in both cohorts, but only survived multiple testing correction in the metaanalysis. Functional evidence suggests that calcium metabolism may be involved in neurodegeneration in PD, 47, 48 and this could be partly genetically determined.
As this pathway did not survive multiple testing correction in either cohort, however, these results should be interpreted with caution. Gene-based tests, by either burden or SKAT, produced no exome-wide significant associations. Power analyses based on our Norwegian cohort estimated that a substantially larger sample, probably in the order of 8,000 to 15,000, would be required to detect exome-wide significant genic associations in idiopathic PD by variance-or burden-based tests. Notably, this estimate is based on a clinically homogeneous cohort with validated phenotype, coming from a homogeneous founder population, which is ideal for studying rare variants. Recruiting a PD sample of several thousand individuals will require the combination of multiple cross-sectional materials across several populations. Such material will unavoidably be more phenotypically and genetically heterogeneous. It is therefore likely that even higher numbers will be required in a real-life experiment compared to our simulated estimates. A recent study employing a similar rare-variant collapsing approach in a sample of 5,000 schizophrenia cases and controls also failed to produce genic associations at exome-wide significance. 49 Given the fact that schizophrenia has a higher estimated heritability than idiopathic PD, these results corroborate our estimates that samples more than 5,000 individuals will be required to confidently detect gene-based effects in idiopathic PD (Fig. 2) .
In conclusion, our data show that large samples are required to identify rare genetic variation associated with PD at the gene level. In contrast, we show that pathwaybased analysis of rare genetic variation is a powerful tool for deciphering the genetic susceptibility to PD, even in moderately sized samples. Our results suggest that rare, nonsynonymous variation in the genes encoding the complex pathway of mtDNA maintenance influences the risk for idiopathic PD in 2 independent populations. We propose that this variation underlies part of the observed impairment of mtDNA maintenance in the dopaminergic substantia nigra of individuals with PD and may explain part of the disorder's "missing heritability." The replication of these findings in other sequencing cohorts of idiopathic PD will be essential to further validate these findings.
